Ferropericlase, (Mg,Fe)O, is a major lower mantle mineral, and studying its properties is a fundamental step toward understanding the Earth's interior. Here, we performed a first principles investigation on the properties of iron as an isolated impurity in magnesium oxide, which is the condition of ferropericlase that iron-iron interactions could be neglected. The calculations were carried using the all-electron full-potential linearized augmented plane wave method, within the density functional theory/generalized gradient approximation plus the on-site Hubbard correction.
I. INTRODUCTION
The identification of a pressure induced iron high-to-low spin transition in ferropericlase, (Mg 1−x Fe x )O [1], and ferrosilicate perovskite, (Mg 1−x Fe x SiO 3 ) [2] , has stimulated investigations on several aspects of this transition [3] [4] [5] [6] [7] [8] [9] [10] . Since those are the two major minerals in Earth's lower mantle and the respective iron spin transitions were observed in mantle thermodynamic conditions, important geophysical implications could be anticipated, in terms of mantle chemical composition, heterogeneity, elasticity, and radiative transmission [11] .
In ferropericlase, an iron atom stays in a substitutional magnesium site, donating two valence electrons to its nearest neighboring oxygen atoms. The six remaining 3d-iron-related An equivalent high-to-low spin transition has been observed for iron in ferrosilicate perovskite [2, 8] , the most abundant lower mantle mineral. An intriguing result is that while for iron in ferropericlase, only two spin states have been identified so far, in ferrosilicate perovskite, an intermediate (S=1) spin state has also been observed [8] . This leads directly to the question whether this intermediate spin state could be also energetically favorable in ferropericlase. Several other questions are also open, such as the concentration of available electrons in the lower mantle, as result of intrinsic or extrinsic defects in those minerals. This is an important property that could help to determine the charge state of iron atoms in minerals at those depths. Here, we present a theoretical investigation that explores some of those questions, considering the case of an isolated iron atom in magnesium oxide. In that case, iron was modeled as an impurity, such that the effects of iron-iron interactions could be neglected, and we could focus only on the properties of an isolated iron center. The first principles calculations were performed using the all-electron full-potential linearized augmented plane wave method, within the density functional theory and the generalized gradient approximation plus the on-site Hubbard correction in the 3d-related iron states.
The introduction of this potential, computed self-consistently, was a fundamental step to provide an appropriate description on the iron-related electronic energy levels. We computed the structural, electronic, and magnetic properties of iron in several charge states, and the respective electric and magnetic hyperfine splitting parameters of active centers. We then investigated the pressure effects on those properties, and compared our results to available experimental data.
II. METHODOLOGY
The calculations were performed within the density functional theory, using the allelectron full-potential linearized augmented plane wave (FP-LAPW) method, implemented in the WIEN2k package [19] . The electronic exchange interaction was described within the generalized gradient approximation [20] plus the Hubbard U potential correction (GGA+U) [21] . The on-site U values for the iron 3d-states were obtained self-consistently using the methodology described by Madsen and Novák [22] .
We considered a 54-atom MgO rocksalt reference supercell, in which an iron atom was placed in a substitutional magnesium site. The irreducible Brillouin zone was sampled by a grid of 2 × 2 × 2 k-points. Convergence on the total energy of the system was achieved using a 7.0/R parameter, which defines the total number of plane waves to describe the electronic wave functions in the interstitial regions, where R is the sphere radius of all the atomic regions (R = 0.90Å). For a certain atomic configuration, self-consistent iterations were performed until reaching convergence on both the total energy (10 −4 eV/atom) and the total charge in the atomic spheres (10 −5 electronic charges/atom). The positions of all atoms were relaxed, with no symmetry constrains, until the forces were smaller than 0.02 eV/Å in any atom. In order to get results for different spin state configurations, some simulations were performed with constrained spin states.
The formation energy of a charged iron impurity in MgO, E q f (MgO : Fe Mg ), is defined as [23] :
where E q tot (MgO : Fe Mg ) is the total energy of a supercell, in the q charge state, containing the substitutional iron impurity, E tot (MgO) is the total energy of a MgO crystal considering the same reference supercell. Additionally, ǫ v is the valence band top, adjusted to the band structures of the bulk material with and without the impurities, for each q charge state [23, 24] . This correction in the valence band top is necessary, due to inhomogeneities in the charge density of the finite primitive cell, which causes a Coulomb multipole interaction with its images, as discussed in ref. [25] . Additionally, a uniform jellium background was implicitly considered to cancel out the long range multipole interactions of charged supercells [23] . ε F is the Fermi level, µ Fe and µ Mg are respectively the Fe and Mg chemical potentials, computed within the same methodology described earlier, for the stable metallic crystalline phases.
All the approximations and convergence criteria presented in the previous paragraphs have been shown to provide an accurate description on the electronic and structural properties of defect centers in a number of materials [26] [27] [28] .
The introduction of a Hubbard potential correction represented a crucial element for an appropriate description of the 3d iron-related states in ferropericlase and iron oxide [6] , and consequently in the systems studied here. It is well established in the literature that the density functional theory provides a poor description of the strongly correlated electronic systems, such as the 3d-iron-related levels in the systems discussed here. The calculations with the local density or generalized gradient approximations lead to a metallic state for ferropericlase or iron oxide, although experimental results indicate that those systems are insulators [6] . The introduction of a Hubbard on-site correction increased the correlation interactions of 3d-related electronic levels, providing results more consistent with the available experimental data. There are several procedures to compute the Hubbard potential and, over the last few years, several U values have been used for those systems [6, 29] . On the other hand, our investigation computed this potential self-consistently [22] . [29] . The self-consistent values used here are considerably larger than the ones from other calculations. However, it should be pointed out that the value of this potential depends strongly on the methodology: while our calculations were performed within the full potential method (FP-LAPW), others were performed within the pseudopotential method [30] . For example, in the Fe 2 O 3 system, the iron Hubbard potential was found to be 8.73 eV within a full potential calculation [22] and 3.3 eV within a pseudopotential calculation [31] . Additionally, other recent theoretical investigations have also used large U values for the 3d-related energy levels of iron [22, 32, 33] , consistent with our values. 
III. RESULTS

A. Zero Pressure Results
Under ambient conditions, MgO crystallizes in the rocksalt (B1) structure, with a measured lattice parameter of a expt = 4.216Å, presenting a large direct electronic bandgap of 7.67 eV [34] . In this study, using the approximations presented in the previous section, we found an equilibrium lattice parameter of a th = 4.21Å and a direct bandgap of E g = 4.50 eV. Those values are consistent with values from other theoretical investigations using similar approximations [35] and in good agreement with experimental data [34] .
We considered several charge and spin states for the substitutional iron impurity, using the supercell with the MgO theoretical lattice parameter. We computed the formation and transition energies, along with the respective structural and electronic properties of HS and LS states. For a certain charge state, in order to build an energy stability curve as a function of iron magnetic moments, we performed a set of calculations constraining the total spin of the system. We also computed the energy barrier, as a function of the total magnetic moment, for the systems going from a HS toward a LS state. In order to perform such analysis, the energetics of the systems were computed with constrained intermediate magnetic moments
between the HS and LS configurations, in the neutral charge state. Fig. 3 [36] , even at high temperatures. The energy barriers for the spin crossover are very large for both the HS-IS and IS-LS transitions. Here, we should point out that the introduction of a Hubbard potential, to provide a proper description of the electronic structure of the system, comes with a price: a poorer description of the total energy of the system. Several attempts have been introduced in the literature to improve the description of the total energy [37] .
Therefore, there are important uncertainties in the energy barriers for the spin crossover.
We also found that the IS configuration is a possible spin state for Fe in ferropericlase, and is fully consistent with the experimental observation of an equivalent IS state in ferrosilicate perovskite [8] . However, the small difference in the oxygen octahedron volume, between the HS and IS states, may hamper an identification of this center in ferropericlase using several experimental methodologies. A possible way to identify such center is by electron paramagnetic resonance (EPR) spectroscopy, in which the hyperfine parameters could be measured. The difference in the electronic structure between the HS and IS states could also help identifying such IS state. Figure 4 presents the electronic structure of the 3d-iron-related energy levels in (MgO : Fe Mg ) 0 for the HS, IS, and LS states. In the LS state, the system consists of only t 2 + e levels in a close shell configuration. The t 2 level is fully occupied near the valence band top of MgO and the e one is unoccupied in the conduction band.
For the HS state, due to the symmetry lowering, in comparison to the LS state, the t 2 level splits into a + e levels. The HS state consists of five electrons with spin up and one with spin down. The last occupied level is an a ↓ orbital, with 69% of d-character (inside the Fe sphere), about 1 eV higher than the valence band top of MgO. Finally, the IS state has the highest occupied level as an e ↓ with two electrons, and with 48% of d-character. This level is near the valence band top, while the first unoccupied level is inside the conduction band.
B. High Pressure Results
A possible way to explore the properties of iron impurities in MgO is observing the pressure effects. This would be specially important to identify the IS state, using EPR or Mösbauer spectroscopies.
First of all, in order to provide consistent results for MgO under pressure, we explored the elastic properties of MgO. Our calculations indicated a bulk modulus of 152 GPa, using a third-order Birch-Murnaghan equation of state, which is fully consistent with the values obtained by other theoretical investigations using similar approximations [35] and in excellent agreement with experimental data [34] . This equation of state was later used to obtain the dependence of the MgO lattice parameter with external pressure.
An important property is to check the stability of the spin states as a function of pressure.
In ferropericlase, high to low spin transition has been observed in the 30-50 GPa range at room temperature, depending on the concentration of iron in the material [38, 39] . For very low iron concentrations, it has been found a transition near 30 GPa. In order to check the stability of the spin states of iron atoms in MgO, we computed the respective enthalpy of formation as a function of pressure for different spin states at the neutral charge state. In order to obtain the enthalpy of formation, we computed the respective volumes of formation, following the procedure used in other systems [40] . Figure 5 shows the enthalpy of formation as a function of pressure for iron in MgO. The results indicated that the HS and LS curves cross each other at about 20 GPa, indicating an spin transition. This result is fully consistent with experimental data for ferropericlase at low iron concentrations [39] . The figure also
shows that across the pressure range, the IS is always higher in energy than other spin states.
We observed that, for all charge states, the external pressure does not modify the point symmetry of the centers, only compressing the respective oxygen octahedra. Therefore, pressure modifies only slightly the center structures, affecting more strongly the electronic structures, as the energy levels are shifted with respect of the materials band gap. The QS is very sensitive to increasing external pressure, decreasing for the HS state, while increasing for the IS one, which may help to distinguish the HS and IS states. 
